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Introduction
Microscale optical sensors could address important needs in fields ranging from health sciences to clean energy development [1] . Optofluidic architectures are especially interesting in this context, providing a strong interaction between the probing light and the analyte [1] . Many optofluidic sensors utilize interference effects in which the path length of light within the device is affected by the properties of the analyte medium. Notable types of microscale interference-based sensors include photonic crystal cavities (PCCs) (e.g., Ref [2] .) that can act as gas sensors [3] , whispering gallery mode (WGM) structures [4] , and microscale FabryPérot (FP) interferometers [5] .
In all these devices, the presence of the analyte causes a change in the local refractive index (RI), which in turn causes a shift in the resonance frequencies. The sensitivity to RI changes in the analyte is typically measured in wavelength shift (nm) per refractive index "unit" (nm/RIU). In WGM-based devices, the sensitivity depends on a variety of experimental parameters and is typically in the range of 5-50 nm/RIU [6, 7] . In PCCs, one can obtain sensitivities as high as 500 nm/RIU [8] . FP interferometers typically have the highest sensitivities because the electric field is predominantly in the analyte region, with values up to 900 nm/RIU [9] or even 1160 nm/RIU [10] as recently reported at a wavelength of 1550 nm.
The limit of detection (LoD) represents the minimum detectable refractive index change. Current typical LoDs are somewhat difficult to summarize coherently since they are almost always extrapolated from much larger RI changes. For fluorescence WGM-based refractiveindex sensors, estimated LoDs are typically in the range of 10 −3 -10 −4 RIU [11] [12] [13] [14] [15] . These values can be pushed down to 10 −5 RIU for PCC gas sensors [2] or ~10 −6 RIU for evanescently-coupled microspheres and other WGM-type structures [16] . However, these devices can be difficult and/or expensive to prepare and often require expensive precision equipment to be operated, making them impractical for many applications. For example, micron-scale Fabry-Pérot cavities on optical fibers are often fabricated using femtosecond machining [5, 10] , fusion splicing different fibers [17, 18] , or a mix of both [19] . Alternatively, two fiber or waveguide tips with a reflective coating can be positioned in close proximity to form the FP cavity in a flow-through microchannel [20, 21] .
Here, we demonstrate a simple capillary-based microfluidic sensor, which doesn't require any micromachining or any other complex microfabrication techniques, with a sensitivity as high as (5.6 ± 0.2) x 10 2 nm/RIU in the visible spectrum, corresponding to ~1540 nm/RIU at a wavelength of 1550 nm, and demonstrate its usage for chemical or pressure sensing. The light scattering and interference pattern from capillaries has been investigated for refractometric applications before [22-27]; here we instead employ the cylindrical FP resonances for sensitive refractometric shift sensing, which is somewhat more reminiscent of the optofluidic photonic crystal cavities reported in [28, 29] . Two different approaches have been pursued to increase the reflectivity of the inner capillary walls, resulting in higher cavity quality (Q) factor. The first approach uses a high refractive index polymer coating, enabling resonances with a sufficiently high visibility and Q to be observed in an all-dielectric structure due to the high refractive index contrast between the channel medium and the deposited polymer layer. The second method used involves the deposition of a silver thin film, using an electroless plating method, onto the inner capillary wall to produce a partially transparent silver mirror. While the latter structure is clearly lossier, the reflectivity of the channel mirrors can be significantly higher than in the polymer case, resulting in clearly distinguishable resonances.
Basic structure
The devices consisted of channel-coated microcapillaries into which broadband radiation from a tungsten lamp was directed perpendicular to the capillary axis [ Fig. 1 ]. It was impractical to measure an insertion loss, but as the incident beam was roughly parallel and not narrowly focused onto the capillary, the percentage of incident radiation coupled into the channel was certainly low; despite this the signal intensity was more than sufficient. In this orientation, the capillary can be viewed as two concentric, low-finesse cylindrical FP cavities with the distance between the mirrors (L) being twice the radius R. There are four interfaces perpendicular to the capillary axis (labeled 1 to 4 on Fig. 1 ) which form sets of different FP cavities. The strongest resonances will correspond to those having the highest reflection coefficients and longest cavity lengths. Of particular importance is the cavity formed between interfaces 2-3 [ Fig. 1 ]; because most of the field is contained within the channel it should have the highest sensitivity to the channel media. Cavity (2-3) also forms a marginally stable resonator similar to cavity (1-4) (both have a radius of curvature R equal to half the channel length L). Additional resonances would also exist within the thin mirror layer, but this longwavelength periodicity is not observable within the ~60-nm wavelength range of our spectrometer. Light from the tungsten lamp (LS) was roughly collimated using a condenser lens (CL). A 20x objective lens (OL) was used to collect the transmitted radiation and pass it to an imaging CCD spectrometer with a nominal resolving power of 2800. Continuous exposures of 30 seconds each were taken for sensorgram measurements. Capillary interfaces 1, 2, 3, and 4 are labeled. The channel layer thickness is greatly exaggerated for clarity.
In a cylindrical cavity of length L = 2R, where R is the radius, the transverse modes are degenerate and the mode spacing is simply given by Δf = c/(2n eff L), where c is the speed of light in vacuum, L is the cavity length (the diameter in this case), and n eff is the effective index, which is analogous to an FP cavity of the same length [30] . The quality factor is approximately Q = (2πL/(-λ·Ln[R])) ignoring diffraction losses, where R is the reflectance. For the high-index polymer-coated capillary, the calculated Q-factor is ~200 for the modes defined by interfaces 2-3 (which we will refer to as "channel modes") with air in the channel. In contrast, the air-glass outer interface (cavity 1-4) has a predicted Q of ~1400. This difference is mainly due to the much larger length of the (1-4) cavity.
With a silver-mirrored channel, the reflection coefficients and Q-factors depend on the mirror thickness. For example, for a 30-nm coating the reflection coefficient is 0.88 and the calculated Q-factor is ~4000. Obviously the Q-factor would improve with coating thickness, but thick mirrors reduce the transmission through the device.
Device fabrication and characterization
The microfluidic FP cavities were prepared using fused silica microcapillaries (RI = 1.45) from Polymicro Technologies or Beckman-Coulter, with inner and outer diameters of 50 and 320 µm, respectively. The 20-µm jackets were removed by ashing at 650 °C.
Poly(penta-bromophenyl)acrylate (ppba; Sigma) was chosen as the polymer to be deposited onto the capillary inner wall due to its high refractive index (n~1.7) in the visible [31] . The polymer was dissolved into chloroform (1 mg/mL), the resulting solution was allowed to fill the channel by capillary action, and the solvent was then evaporated at ~70 °C for 20 minutes in atmosphere. The resulting 200-nm-thick polymer layer can be seen in Fig.  2 (a) and 2(b), although its uniformity along the length of the channel was difficult to ascertain by SEM. The Ag coating appears bright against the capillary wall and is ~30 nm thick. These images were taken by cleaving the capillary and imaging it using a Zeiss Sigma 300 VP-FESEM operated at 25 keV in either backscatter or secondary electron mode.
An electroless plating method was used to deposit a silver film inside the capillary channel via the precipitation of metallic silver from ammoniacal silver nitrate solution in the presence of a reducing agent (i.e. Tollens' reaction). First, tin(II) chloride (0.1 M of SnCl 2 in 0.1 M of HCl) solution was flowed into the capillary to promote film adhesion onto the fused silica capillary walls [32] using a syringe pump at a constant flow rate of 50 μL/min for 5 min. The preparation of Tollens' reagent started with the oxidation of an aqueous silver nitrate solution (0.24 M) into silver oxide using potassium hydroxide (0.25 M), resulting in the formation of a brown precipitate. Ammonia (3 M) was then added dropwise to the solution to dissolve the silver oxide and produce a transparent silver ammonia complex.
Once the silver ammonia complex became colorless, the reducing agent (1:2 mixture of methanol and 1.9 M glucose) was added to Tollens' reagent to cause the reduction of the silver ammonia complex. This solution was then pumped through the capillary for 4 minutes in order to achieve a silver channel coating a few tens of nm thick. Tollens' reaction also successfully produced a capillary channel coating, with the Ag about 30 nm thick, as seen in Fig. 3(c) , and fairly rough, consistent with previous results on cover slips and optical fibers [33] .
The capillaries were then attached to polytetrafluoroethylene tubing and mounted over an objective lens. Light from a tungsten lamp was focused onto one side of the capillary, transmitted through the structure, and the spectrum was projected onto a miniature spectrometer [ Fig. 1 ] with a pitch of 0.077 nm/pixel on the CCD. The capillary was precisely aligned parallel to the spectrometer entrance slit, which was centered along the capillary axis. A gas tubing interface was used to force gases through the capillary at controllable pressures while the optical transmission spectra were being collected. Liquid experiments used a syringe pump to inject sucrose-water mixtures into the capillary at a flow rate of 5 μL/min.
Finite-difference time domain (FDTD) simulations using the commercial OmniSim package were performed to validate the experimental data. The domain size was 50 nm, with perfectly matched layers at the boundaries of the simulation domain. The emitter produces a simulated sinusoidal plane wave (in order to match the experiment reasonably well) with a pulse length of 5 fs in order to give a wide spectral range. The simulated time was at least 200 ps, by which time the electric field amplitude in the device had decreased to negligible values. For full devices, a single simulation run took ~4 hours on a 2.4 GHz PC using 15 cores.
Experimental results

Polymer-coated channels
The transmission spectrum for a capillary with a polymer channel coating (with air both in the channel and outside the capillary) showed a complex set of overlapping cavity resonances [ Fig. 3] , as expected for the four dielectric interfaces. The Fourier spectrum contained at least four high-power regions whose mean free spectral range (FSR) can be determined according to Δλ spec /K, where Δλ spec is the spectral width in Fig. 3 and K is the peak Fourier component number. Accordingly, one can extract four main periodicities having mean FSRs of 3.6, 0.92, 0.72, and 0.40 nm. The FSRs calculated according to Δf = c/(2n eff L) for cavities 2-3, 1-2, 1-3, and 1-4 can be estimated using the mean refractive index (i.e., spatially averaged along the path length) for n eff . This gives FSRs of 3.6, 0.91, 0.73, and 0.41 nm, respectively, in reasonably good agreement with observation. The resonances have a somewhat broad Fourier power spectrum because the mode spacing is not perfectly uniform in wavelength units. To confirm these mode identifications, mineral oil (n = 1.45, Sigma) was used as an index matching fluid. When the mineral oil was pumped into the channel (with air on the outside), the only observable modes had a periodicity of 0.39 nm, consistent with a cavity formed by the outer interfaces (1-4) only [ Fig. 3(b) ]. The observed Q-factor for these modes (Q = λ 0 /Δλ FWHM = ~3000) appears higher than the theoretical value calculated as described above Q = (2πL/(-λ·Ln[R])) = 1400, but due to extensive mode overlap the measurement clearly underestimates the measured peak width (Δλ FWHM ). To further support the mode identifications, the capillary was next immersed in mineral oil, thus effectively removing interfaces 1 and 4, while the channel contained air. Two holes were drilled into opposite faces of a cuvette. The capillary was inserted through these holes, which were then sealed with adhesive, so that a section of the capillary was inside the cuvette. The cuvette was then filled with mineral oil and capped. In this case, the only observable modes had a periodicity of 3.6 nm [ Fig. 3(c) ], confirming that they are indeed the channel modes. The observed Q-factor was 225, which is similar to the predicted value of 200 for the polymer-coated channel.
The channel modes are especially applicable for refractometric sensing applications. To demonstrate this, Ar and N 2 gas (99.998% purity) were flowed sequentially through the capillary channel at a pressure of 170 kPa. A channel mode spectrum was collected every 23-46 seconds and the resonance shifts associated with the channel modes were measured using the Fourier shift technique [34] [Fig. 4 ], taking the main Fourier component only to avoid possible overlaps with other modes. The refractive index of Ar at a pressure of 170 kPa (10 psi gauge pressure) can be estimated from the Gladstone-Dale approximation of the Lorentz-Lorenz law given by n = 1 + µ(P/T) where µ is a gas-dependent constant equal to 762 x 10 −9 and 808.8 x 10 −9 K/Pa for Ar and N 2 , respectively [35], and P and T are the pressure and temperature. Accordingly, the refractive index increases by ~2.7 x 10 −5 RIU on transitioning from Ar to N 2 at this pressure. This transition was readily detectable in the sensorgram [ Fig. 4 ], which demonstrated a mode shift of 12.6 ± 0.3 pm on going from Ar to N 2 . The uncertainties were obtained from the standard error of the mean for each step, with uncertainties for each step added in quadrature. This yields a refractometric sensitivity, S, of (4.7 ± 0.3) x 10 2 nm/RIU at a wavelength near 600 nm. The relatively large error in the sensitivity is due to the data scatter in Fig. 4 .
The LoD is typically estimated with 99.7% certainty according to 3σ/S, where σ represents the standard deviation of the wavelength shifts under constant conditions. From Fig. 4 , the LoD is therefore (1.3 ± 0.1) x 10 −5 RIU. This experimentally-detected change compares favorably with the calculated LoD for recently-developed square capillary devices [36] . However, in typical runs in which it was not necessary to switch gases (and thereby induce pressure fluctuations and mechanical motion), a better 3σ shift resolution was obtained, down to 3.5 pm (an example is shown in Fig. 5) ; accordingly under conditions like those in Fig. 5 the device has an LoD of ~(7.6 ± 0.5) x 10 −6 RIU at a wavelength of ~600 nm. Despite its simplicity, the optimum detection limit is comparable to those of the best microscale refractometric devices such as whispering gallery mode [16, 34] and surface plasmon sensors [37] .
Finally, a polymer-coated capillary can also serve as a sensitive gas pressure sensor. To demonstrate this, a capillary was filled with Ar at a pressure of 301 kPa and the resonance wavelengths were monitored as the pressure was increased to 401 and then 501 kPa [ Fig. 5 ]. The modes redshifted by ~140 pm owing to the pressure dependence of the refractive index of argon as articulated by the Gladstone-Dale equation given above. The results yielded a shift of 4.88 ± 0.01 pm/psi = 0.709 ± 0.002 pm/kPa at a wavelength of ~600 nm, which is close to an order of magnitude better than currently-reported state-of-the-art FP-type gas pressure sensors [38] and is similar to the exceptional response of a just-published fiber sensor [39] that lacks the simple flow capacity shown here. The latter studies used air, which displays similar pressure-related behavior to both Ar and N 2 , validating these comparisons. From the mode shift deviations under constant conditions, we find a pressure-related LoD of 4.96 ± 0.01 kPa. Liquid sensing is also particularly interesting for a large range of applications. However, the mode visibility of the polymer coated capillary dropped significantly once filled with liquid, to the point where clear sensorgrams couldn't be obtained. The poor mode visibility was attributed to the relatively low refractive index contrast between the polymer coating and water in the capillary channel. It is negligibly influenced by the capillary wall thickness, as one effectively satisfies the "thick substrate" criterion for capillaries of these dimensions.
Silver-mirrored channels
The channel mode visibility with air in the channel was much higher for the silver mirrors [ Fig. 6 ] than for the polymer coating, due to the higher reflectivity. The FSR was close to 3.6 nm near λ = 600 nm, again consistent with the 2-3 resonances. Transfer matrix calculations showed that the reflectivity of a flat, 30-nm-thick silver mirror is 87.6% and 84.8% in air and water, respectively, yielding calculated Q factors on the order of 4000. Experimentally, the Q factors were ~413; these significantly lower values are probably due to scattering induced by the high surface roughness of the deposited silver coating as shown previously [33] .
In order to test the response of the Ag-mirrored capillaries, a new pressure sensorgram was taken using Ar in the channel [ Fig. 7(a) ]. Here the pressure was varied from 301 to 501 kPa in 40 kPa steps. The silver-mirrored capillary tracked these pressure changes well; by using the Gladstone-Dale approximation described above we obtain a pressure sensitivity of 1.08 ± 0.04 pm/kPa corresponding to an RI sensitivity of (4.2 ± 0.2) x 10 2 nm/RIU. The uncertainty comes from the linear fit to the data in the inset to Fig. 7(a) , where we ignore the error in the pressure measurements as probably smaller than the relative error in Δλ. The LoD calculated from the measured sensitivity and the optimum system resolution (most stable run, where 3σ = 3.5 pm as described above), was 3.3 ± 0.1 kPa. Fig. 6 . Transmission spectrum through the center of a silver-mirrored microcapillary, with Ar in the channel. The spectrum is dominated by a set of modes with an FSR of ~3.6 nm.
Unlike the polymer-coated capillary, the silver-mirrored one can also readily function as a liquid sensor [ Fig. 7(b) ]. Whereas for the polymer coating the 2-3 mode visibility became too small, the Ag mirrors retained a high reflectivity and therefore good mode visibility for liquid channel media also. Here, the refractometric sensitivity was found to be 354.2 ± 0.6 nm/RIU for sucrose-water solutions, yielding a best-case 3σ detection limit of (1.000 ± 0.002) x 10 −5 RIU. 
Comments and discussion
The resonance wavelength of an FP cavity is given by λ 0 = 4πnLcosθ/(2πm + φ 1 + φ 2 ), where L is the cavity length, θ is the incidence angle, m is the order, and φ 1 and φ 2 are the phase shifts on reflection at the two interfaces. Accordingly, the refractometric sensitivity of an ideal capillary FP cavity with m>>1 is given by S = dn/dλ 4R/m, where R is the capillary radius as before. There is no dependence on the reflectivity of the mirrors or the quality factor of the cavity. Mirror roughness (see Fig. 2 ) also doesn't matter insofar as the sensitivity is concerned, although it can decrease the visibility and thereby degrade the mode shift resolution and the LoD. Thus, the deciding factor controlling the refractometric sensitivity for these capillary sensors is the measurement wavelength, because it determines m independently of the radius (in other words, for a fixed resonant wavelength, there are many possible combinations of L and m but they all have the same refractometric sensitivity).
Using S = 4R/m, one predicts a refractometric sensitivity of 599 nm/RIU for both the polymer-and silver-mirrored channel near λ = 600 nm and n = 1.002 (Table 1) . We observed (4.7 ± 0.3) x 10 2 and (5.6 ± 0.2) x 10 2 nm/RIU for the polymer and silver-mirrored capillaries, respectively. The experimental sensitivities tended to be somewhat lower than the theoretical values. One possible reason is that the Gladstone-Dale approximation used to calculate the RIs may overestimate the RI difference between Ar and N 2 at the measurement pressure.
A few other comments can also be made at this point. First, we see that the refractometric sensitivity is lower with liquid in the channel as compared to gas. At a fixed wavelength, increasing the RI of the channel medium increases the mode order correspondingly, thus lowering the sensitivity (opposite to the case of a WGM resonator, in which the sensitivity decreases for lower analyte index). These observations are also in agreement with the general trends predicted by the analysis above.
However, some discrepancies also exist. For example, the liquid sensitivity for Agmirrored channels (Table 1) is about 63% of the gas one, but the theory implies that it should be 75% of it (according to the ratio of channel refractive indices 1.00:1.33). Also, the lower "pressure LoD" for the Ag mirrored devices as compared to the polymer ones is unexpected; from the above discussion one would expect them to be the same. We can't unambiguously explain this discrepancy, but we note that the Fourier spectra (from which the wavelength shifts are calculated) were much weaker in the polymer case than they were in the Ag one, due to the much lower visibility of the 2-3 resonances and the maximum-power component was not nearly as well defined. These differences affect the accuracy of the Fourier shift method [34] and could potentially be responsible for the different observed pressure LoDs (3.3 vs. 5.0 kPa for Ag and ppba mirrors, respectively). A brief discussion of the error analysis appears necessary. The device sensitivities were calculated from the experimental wavelength shifts, which were obtained as the difference in the mean values of Δλ. The reported uncertainties come from quadrature addition of the standard error of the means (SE = σ/n 0.5 ), where σ is the sample standard deviation and n is the number of measurements for each shift value. The fact that the uncertainties are far smaller than the nominal "resolution" of the spectrometer isn't inconsistent because they simply come from the noise in the mode peak positions under constant conditions. For several of the runs, these values were very small, with a standard deviation of less than 1.5 pm. This error analysis does, however, ignore systematic errors which we do believe are significant but are difficult to quantify.
Since most of the Fabry-Pérot fiber sensors cited in the literature were tested at a wavelength near 1550 nm, the sensitivity in the infrared would present a more consistent comparison with previous work. For Fabry-Pérot-type cavities, the wavelength shift under a fixed index change is directly proportional to the central wavelength. Thus, at 1550 nm the sensitivity of the capillary device would be close to 1540 nm/RIU for air in the channel. This estimate is in reasonable agreement with FDTD simulations which gave a sensitivity of 1574 nm/RIU.
The best detection limit we could achieve was (6.3 ± 0.2) x 10 −6 RIU, taking the most stable experimental run to calculate the 3σ variation in the mode peak positions. The detection limit varies inversely with wavelength, due to the greater sensitivity of the proportionally smaller mode orders. Thus, at 1550 nm (as compared to 600 nm for the current measurements) the detection limit is predicted to be 2.3 x 10 −6 RIU, which is also in excellent agreement with FDTD simulations.
Temperature cross-sensitivity is an issue for many sensors [40, 41] . The response to temperature fluctuations is due to thermal expansion which for silica is 5.5 x 10
, giving a relative change of a few parts in 10 5 for a temperature change of 100 °C, corresponding to a few pm of spectral drift. Since this is quite close to the shift resolution, one can conclude good thermal stability over a range of ~100 °C, but for larger temperature drifts the thermal expansion would have to be compensated. Of course, in an open system the thermo-optic coefficient of the gas would cause a change in the RI which may not be distinguishable from a change in pressure; whereas in a closed system both P and T would change concurrently and the effects would cancel insofar as one has an ideal gas.
There are several additional features of this device. No splicing, melting, femtosecond laser ablation [10, 39] , or nanolithography is required as is usually the case for other sensors. Since the mode propagates mainly in the channel, the elasto-optic effect, which can be a problem for fiber sensors, is not important here. The compressibility of silica near atmospheric pressure is 9.8 x 10
−12 Pa −1 [43] , which would cause a redshift of a fraction of a picometer due to elastic expansion in this pressure range. The compressibility of ppba is unknown but the values for related polymers such as PMMA are on the order of 1.5 x 10 −10 Pa −1 [44] , and for silver it is ~1 x 10 −11 Pa −1 [45] . These values are about an order of magnitude larger than that of silica but would still cause negligibly small mode shifts as compared to the wavelength shift resolution (i.e., the polymer film thickness would change by a few parts in 10 5 over 200 kPa leading to a few pm of spectral drift, around 1% of the typical changes observed).
However, similar to other FP gas sensors, gas specificity is currently lacking. One can envision ways to overcome this problem in the future, such as, for example, by filling a capillary with a porous absorber. Indeed, this concept has recently been demonstrated for fluid biosensors [46] . Secondly, a small amount of heating is likely to occur in the sample. We did not make any temperature-stabilizing efforts here; but since the device only uses a comparatively weak white light source, thermal drifts should be minimal. Indeed, after the sample was allowed to stabilize for a few minutes we found no observable thermal drift in the reported sensorgrams after starting an experiment.
A final question concerns the value of a capillary-type FP sensor as compared to the fiberoptic sensors investigated previously. First, despite its simplicity a mirrored-capillary gas, liquid, and pressure sensor hasn't been shown before. In fact, the simplicity of the device is an attractive aspect since only a very straightforward fabrication is required and it could easily be parallelized to produce multiple devices. Secondly, sensitivity in the visible spectrum is as good as or better than in previously demonstrated FP devices, with predicted detection limits in the low 10 −6 RIU range at a wavelength of 1.55 µm. Third, the light source is nothing more than a simple incandescent bulb. Finally, better mechanical stabilization (e.g., by packaging the capillary and light source) would likely lead to a smaller shift resolution and even better detection limits.
Conclusions
To conclude, we show a simple, robust refractometric gas sensor based on a capillary coated with a high-index polymer or metallic silver. The response is comparable to or better than many other optical gas sensors. A refractometric shift of 2.7 x 10 −5 RIU was tested and an optimum detection limit of (6.3 ± 1.1) x 10 −6 RIU was found at a wavelength of ~600 nm. These values would further improve by a factor of ~2.6 at the infrared wavelengths used by other detection systems. The device can also function as a gas pressure sensor with a detection limit as low as 3.3 ± 0.1 kPa at λ = 600 nm, which is comparable to the best optical pressure sensors reported to date. The concept doesn't require any complicated equipment or preparation. The same concept was demonstrated for fluid sensing in the channel as well, again with competitive sensitivities and LoDs. The results were finally discussed in terms of the simple theory governing the sensitivity of FP-type refractometric sensors. 
